We evaluated the immunohistological changes in neural cell adhesion molecule (N-CAM) expression in the adult rat cientate gyrus during the period of synaptic degeneration, axonal sprouting, and synaptogenesis following ipsilateral entorhinal cortex (ERC) lesion. This lesion denervates the outer two-thirds of the dentate granule cells dendrites and induces compensatory sprouting from the subjacent inner one-third into the denervated zone, as well as reactive synaptogenesis in the denervated outer molecular layer. In unlesioned adult hippocampus, antibodies to total N-CAM stained the inner molecular layer intensely, and the outer molecular layer (ML) more lightly. After ERC lesion the intense staining of the inner layer widened, the expansion following the known temporal sequence of commissural and associational (C/A) axon sprouting into the denervated zone. In normal unlesioned controls there was very light, uniform staining of the ML with antibodies directed against embryonic N-CAM (eN-CAM). By 2 d post-ERC lesion, the outer two-thirds of the ML stained robustly with antibody to eNCAM.
This area of intense staining receded as the C/A axon collaterals from the inner one-third entered the denervated zone, so that by 30 d the intense eN-CAM staining only occupied the outer half of the ML. The increased expression of eN-CAM remained present at 60 d post-ERC lesion, past the point that synaptic volume density has returned to normal levels in the denervated zone. Ultrastructural studies showed that the newly expressed eN-CAM was located on the surface of dendrites in the denervated zone, but was not found at the synaptic contacts. It was seen on the regenerating axons as well. These studies allow us to compare temporal and spatial correspondence between the expression of eN-CAM and the known sequence of reactive synaptogenesis and axonal sprouting in the dentate gyrus. Our findings indicate that neural cell adhesion molecules are important in the dendritic response to sprouting and synaptic remodeling. Reexpression of eN-CAM in the denervated zone is an important component of such axon-dendrite interactions in the CNS. Where reinnervation of the proximal dendritic field of the OML is by axons of the sprouting CIA afferents, eN-CAM is no longer expressed in the wake of the translaminar expansion. The
Cell adhesion is a fundamental process underlying the formation of the nervous system. The cell surface adhesion molecule N-CAM has a major role in mediation of initial axon outgrowth and cell migration in development (Edelman, 1986; Hoffman et al., 1986; Rutishauser, 1986; Rutishauser et al., 1988) . During development, the highly polysialylated embryonic form of N-CAM is replaced by the less-polysialic acid (PSA)-laden mature forms. In addition to its roles in nervous system development, N-CAM is important in regulation of cell interactions in the mature nervous system. The expression of a variety of adhesion molecules, including N-CAM, is altered following injury to the PNS. In the normal adult, it is expressed only at the neuromuscular junction. Following peripheral nerve lesion, N-CAM is reexpressed over the entire sarcolemma; high levels are also present in paralyzed muscle (Covault and Sanes, 1985; Sanes et al., 1986; Illa et al., 1992) . If the muscle is reinnervated, N-CAM expression is subsequently downregulated (Covault and Sanes, 1985; Sanes et al., 1986; Illa et al., 1992) . After crush injury or transection of the sciatic nerve N-CAM was upregulated on muscle fibers, Schwann cells, and neurites (Nieke and Schachner, 1985; Daniloff et al., 1986) . In denervated muscle it returned to normal levels in areas after reinnervation, but remained high in areas that were chronically denervated.
Despite the importance of N-CAM in mediating axon outgrowth and other aspects of connectivity in development and after peripheral nerve injury and reinnervation (Covault and Sanes, 1985; Nieke and Schachner, 1985; Daniloff et al., 1986) there has been little investigation of the activity or role of cell adhesion molecules in CNS after denervation or response to injury. N-CAM is expressed in distinctive patterns in the adult hippocampus, and these patterns reflect the underlying cytoarchitecture and connectivity of the hippocampus (Miller et al., 1993) . We wished to examine the role of N-CAM in the welldefined sequence of degeneration and synaptic reorganization that occurs when the entorhinal cortex (ERC) input to the hippocampal dentate gyrus is interrupted.
The selective denervation of the hippocampus affords a welldefined model of axonal sprouting and synaptic remodeling (for review, see Cotman et al., 198 1; Scheff, 1989) . A lesion to the entorhinal cortex deafferents the perforant pathway input to the dentate gyrus, denervating the outer two-thirds of the dendritic fields of the dentate granule cells. Several types of fundamental cell-cell and cell-process interactions follow this lesion. Following this lesion, commissural/associational (C/A) afferents to the inner one-third of the dendritic tree sprout into the proximal Brains were removed, and after 2 hr postfixation in PLP, cryoprotected with 15% sucrose in PBS overnight at 4"C, followed by 30% sucrose in PBS. The brains were then embedded in Tissue-Tek OCT compound (Lab-Tek division, Miles Laboratory, Inc.) and frozen using pulverized dry ice. Forty-micrometer-thick frozen sections were cut in the coronal plane using a cryostat (Reichert-Jung; Leica, Buffalo, NY) at -23 to denervated zone. When studied with fiber stains. the inner molecular layer (IML) actually expands to occupy 'approximately half of the molecular layer, but goes no farther (Lynch et al., , 1977 Scheffet al., 1978) . In addition to this "heterotypic" source of synaptogenesis (new inputs are established from a different cell type than the original inputs), the denervated outer molecular layer (OML) also undergoes a "homotypic" reinnervation, stemming largely from the normally sparse (~2%) contralateral ERC neuronal input (Goldowitz et al., 1975; NaCI, i% BSA, and 10% goat sekm, pH j.4).
-25°C. and transferred to blocking buffer f 100 mM Tris.HCI. 150 mM Monoclonal hybridoma supematants were used without dilution. The polyclonal N-CAM antibody was diluted 1:lOOO in blocking buffer. Floating sections were reacted with primary antibody for 24 hr at 4°C on an orbital shaker. After rinsing with PBS, sections were then reacted at room temperature with either peroxidase-labeled anti-rat IgG or antirabbit IgG diluted I:300 for at least 4 hr. Tissue was then developed with 3,3'-diaminobenzidine. 4HCI (0.05%) using cobalt-nickel intensification (Hsu and Soban, 1982) . The sections were then placed onto gelatin-subbed slides and dried at room temperature for at least 2 hr. the OML is reduced by 85% after an ERC lesion, but lesioninduced synaptogenesis returns the synapse number to nearly prelesion levels by 45 d (Matthews et al., 1976a,b; McWilliams and Lynch, 1979; Hoff et al., 1982a,b; Steward, 1986) . The reestablishment and ongoing modification of synaptic connectivity in the hippocampus following ERC lesion involves adhesive interactions among neurons, axons, dendrites, and reactive astrocytes.
et Steward and Vinsant, 1978b) . Synaptic density in (Holmes, 1943) . Sections were also stained with cresyl violet through the entorhinal lesion in each case to verify the extent of the lesion. The slides were then dehydrated using a series of graded ethanol solutions, cleared in xylene, and coverslipped in Permount. Sections were selected from animals at each time point to serve as controls for antibody specificity. Deletion of primary antibody or replacement with equivalently diluted rabbit preimmune serum did not result in staining patterns observed with the polyclonal antibodies. Each monoclonal antibody had a unique staining pattern and therefore served as internal controls.
Alternate sections were stained for fibers using the Holmes method Image analysis. Coronal sections of rostra1 hippocampus stained with peroxidase-conjugated antibodies to the total and embryonic forms of N-CAM were examined at 10 x magnification using an Olympus Vanox microscope. Measurements were taken from the dorsal leaf of the dentate gyrus, just rostra1 to the point where the hippocampus begins its temporal descent. Chords were drawn from the upper border of the granule cell layer to the border of the outer ML at the hippocampal fissure. These chords simultaneously measured length and luminance, and were collected using a Hammamatsu SIT camera and Matrox frame grabber. Quantitative analyses of total and embryonic N-CAM expression were made using densitometric scanning (127 data points) along these chords drawn from the top of the granule cell layer (at the base of the inner ML) to the hippocampal fissure. Data points from 124 chords were averaged. Setting blood vessel lumen luminescence to zero and background subtraction served to normalize reaction product density across digitized images. Data were acquired on three animals at each time point postlesion. The results were displayed using OFTIMAS image processing software (BioScan Inc.) , and the data collected in a soreadsheet (Microsoft EXCEL) on the interfaced IBM PC. The data were then transferred to a Macintosh II computer for further analysis and graphing (Microsoft EXCEL and GRAPH III). Densitometric data were correlated with the measured length of the inner ML of each animal and averaged, and the absorptance plotted against position in the ML. Changes in total and embryonic N-CAM staining of the ML following ERC lesion were quantified.
The present study examined the expression of N-CAM following the selective denervation of the dentate gyrus in adult rats. Given the importance of neural cell adhesion molecules in establishing synaptic connectivity during development and regeneration of the peripheral nervous system, and the fact that following ERC lesion, there is a well-defined temporal course of synapse loss, astrocytic hypertrophy, axon sprouting, and new synapse formation, we hypothesized that changes in N-CAM expression might correlate with reactive synaptogenesis in the central nervous system. These studies describe differential change in axonal and dendritic expression of N-CAM in the hippocampal dentate gyrus following ERC lesion.
Materials and Methods
Animalsurgery. Adult male Fisher 344 rats were obtained from Harlan Industries (Indianapolis, IN). Six animals were used at each time point. The rats were deeply anesthetized with Nembutal (0.1 cc/100 gm) and positioned in a stereotaxic apparatus (Kopf, Tujunga, CA). Following exposure of the cortex, unilateral electrolytic lesions were performed using a direct current lesion-producing device. This lesion involves the entire medial and lateral aspect of the entorhinal cortex and part of the parasubiculum (Scheff et al., 1980; Poirer et al., 1990) , and denervates the outer two-thirds of the molecular layer of the dendritic arbor of the dentate granule cells.
Antibodies. Production and characterization ofthe N-CAM antibodies have been described previously (Lagenaur and Lemmon, 1987; Chung et al., 199 I) . The monoclonal antibody 12F8 recognizes polysialic acid epitopes on N-CAM in mammalian as well as avian species, and identifies embryonic forms of N-CAM distinct from adult forms lacking polysialic acid (Lagenaur et al., 1988) . A polyclonal antibody directed against mouse N-CAM was prepared by immunizing a rabbit with mouse N-CAM. The polyclonal antibody recognizes all three major isoforms of N-CAM in Western transfers of total-brain membrane @hung et al., 1991) . This antiserum reacts with both adult and embryonic forms and was employed as an index of total N-CAM (Chung et al., 1991; Miller et al., 1993) . The monoclonal antibody 12Fll reaits with the 140 and 180 kDa isoforms of N-CAM (Chunp. et al.. 199 1) .
Peroxidase-labeled anti-rat IgG anld anti-;abbit'IgG antibodies were obtained from Organon-Teknika-Cappel Laboratories (Malvem, PA). Zmmunohistochemistry. After survival periods of 2, 4, 6, 10, 15, 30, or 60 d, the rats were anesthetized with Nembutal(O.1 cc/l00 gm) and perfused through the heart with room temperature 2% sodium nitrate in normal saline, followed by 60 cc of room temperature periodatelysine-paraformaldehyde (PLP) fixative (McLean and Nakane, 1974).
Electron microscopy. A Vibratome (VWR, Plainfield, NJ) was used to prepare sections for immunoelectron microscopy to avoid inherent ultrastructural damage caused by freezing. This protocol has been detailed in previous studies (Styren et al., 1990) and yields optimal results for electron microscopic immunohistochemical analysis. Vibratome sections were processed for embryonic N-CAM (eN-CAM) expression and total N-CAM as described above. Selected sections were mounted on gel-subbed slides and air dried for 2 hr prior to Permount coverslipping. Slide mounted sections were assessed for quality of staining while the remaining unmounted sections were further processed for electron microscopy.
Lesioned hippocampi were dissected from coronal slabs, postfixed in I O/o osmium tetroxide (in 0.1 M phosphate buffer, pH 7.4), dehydrated in a graded ethanol series, and infiltrated with LX-l 12 (Epon; Ladd Industries, Burlington, VT) prior to flat embedding in Cast-a-Slide molds (Ted Pella, Inc., Los Angeles). Areas of focal staining were selected by light microscopic examination of the Epon Cast-a-Slide. Epon blocks selected for ultrastructural analysis were trimmed to contain only the dentate gyrus molecular layer. This allowed the granule cell layer and lacunosum moleculare to serve as reference points for the determination of IML and OML regions. These areas were excised, mounted on blank Epon beam capsules, and thin sectioned on a Reichert ultratome (Leica, New York). Silver/gold sections were collected on 200 Frn mesh copper Figure 1 . Total N-CAM immunohistochemistry in rat dentate gyrus molecular layer. A, Unlesioned rat hippocampus stained for total N-CAM. B, Higher-power magnification of dentate gyms molecular layer (boxed in A) at different time points post-ERC lesion. Intense immunoreactivity is seen in the inner one-third and more diffuse staining in the outer two-thirds in a rat 2 d postlesion (20), unchanged from normal (OD). Six days post-ERC lesion (60) there is gradual expansion of the denser staining marking the C/A fiber inputs of the IML. Thirty days post-ERC lesion (300), the C/A expansion from the IML into the denervated zone (marked by concomitant intense N-CAM staining) has reached approximately 50% of the molecular layer. Vertical bracket indicates the width of the IML. G, granule cell layer; H, hilus; LM, lacunosum moleculare; ML, molecular layer; ML, inner molecular layer; OML, outer molecular layer; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. Scale bars, 150 pm. grids and viewed under a JEOL lOO-CX electron microscope without further counterstaining.
Results
Having determined the distribution of various N-CAM epitopes including the PSA found on eN-CAM in the normal hippocampus (Miller et al., 1993) , we anticipated alteration oftheir normal distribution on neuropil elements during the immediate postlesion degeneration. We also anticipated N-CAM involvement in the process of axon sprouting and new synapse formation, reflecting N-CAM functions in axon outgrowth in the mature nervous system.
To explore what changes occurred in N-CAM expression in lesion-induced synaptogenesis, we carried out unilateral entorhinal cortical ablations and followed expression of various N-CAM epitopes with immunohistochemistry in the inner and outer ML of dentate gyrus.
Overall N-CAM levels in OML and IML do not change during denervation
In normal adult rat, polyclonal N-CAM antibody staining was intense in the IML of the dentate gyrus and the hilus, with less marked but significant staining in the dentate-OML (Fig. lA,B, OD). At the outer boundary of the molecular layer adjacent to the hippocampal fissure, staining appeared more intense. There was no staining of cell bodies in either the pyramidal layer or in the dentate granular layer. The mossy fiber tract also stained intensely. The monoclonal anti-N-CAM antibody 12Fll gave similar results, so only the total N-CAM antibody results will be described.
Following a unilateral ERC lesion, there was no immediate change in N-CAM immunostaining (Figs. 1B; 2, bottom). By day 6 (Figs. 1 B, 6D) , however, there was noticeable translaminar expansion of intense N-CAM staining in the ipsilateral IML. At day 30 (Fig. lB, 30D ) this expansion extended to the entire inner half of the molecular layer. This expansion paralleled the known spatiotemporal course of the sprouting axons of the commissural/associational (C/A) afferents to the IML. Studies performed with the Holmes fiber stain also confirmed that the border of intense N-CAM staining was identical (at any point in time) to the extent to which Holmes fiber staining had also expanded into the denervated area. At each time point adjacent slices were stained alternately with the polyclonal N-CAM antibody, 12Fll monoclonal antibody, or Holmes method and the IML and OML measured with an ocular micrometer as well as by use of a microscope interfaced image analysis system (Fig.  2) (Bioscan Optimas; Edmonds, WA).
Bilateral lesions of the ERC remove both the ipsilateral perforant path and the normally sparse crossed entorhinal pathway, which normally contributes only 2% of the total OML synapses but which sprouts considerably after such lesions (Steward and Vinsant, 1978a,b) . When we performed such bilateral lesions and stained with the N-CAM antibodies at the same time points postlesion, there were no differences in N-CAM expression be- Miller et al. l tween the bilateral denervated hippocampi and the unilateral denervated hippocampi. This suggested that the gradient of N-CAM expression across the IML and OML was predominantly occurring on the dendrite, since the axon sprouting is altered if the crossed entorhinal pathway is removed.
Ultrastructural studies localize N-CAM to the dendritic plasma membrane To determine the specific membrane localization of the N-CAM, we performed ultrastructural analysis of the dentate gyrus ML Axons (A) and other neuropil structures were negative for such staining. Scale bar, 0.5 pm.
using the polyclonal antibody. We found intense immunoreactivity present on the dendritic plasma membrane (Fig. 3) . The profiles that stained for N-CAM were characterized as dendrites by criteria outlined in Peters et al. (199 l) , including the presence of postsynaptic densities, spines, and occasional rough endoplasmic reticulum (near cell bodies); axons, their terminals, and glia lack these characteristics. Dendrites stained with the N-CAM antibody were typical of the large apical dendrites of dentate granule cells; however, some smaller dendritic profiles were also stained. This staining pattern was associated only with dendrites of the IML and was not observed in the OML. Staining was also noted to some extent in the dendritic cytoplasm. Glial cells and perivascular profiles were negative for N-CAM staining.
Following ERC lesion there was no change in total N-CAM expression in the IML. As translaminar expansion from the IML advanced into the denervated zone, the dendrites within the denervated region acquired the denser pattern of immunoreactivity of that seen in the IML. However, increased total N-CAM expression was not observed in the remaining OML (Fig. 2) .
Embryonic N-CAM is expressed on dendrites in response to deafferentation Light microscopy. Within the molecular layer, eN-CAM was sparse in the normal adult rat hippocampus, although prominent in the mossy fiber tract and the hilus. Scattered granule cells stained prominently (Fig. 4A) . There was an intensely staining supragranular band in the dentate molecular layer, similar to the distribution of AChE staining in this region (Scheff, 1989) . The overall staining pattern was similar to that seen by us and others (Seki and Arai, 1991; Miller et al., 1993) By 2 d post-ERC lesion, a clearly demarcated area of new intense eN-CAM staining was seen in the ipsilateral OML (Fig.  4B) . The onset of this increased staining correlates with the denervated zone (Steward and Vinsant, 1978a,b) . As translaminar expansion of the IML advanced, staining for eN-CAM in the denervated OML receded accordingly. By 30 d postlesion in rat dentate gyrus molecular layer following ERC lesion. A, Unlesioned rat hippocampus stained for eN-CAM. B, Higher-power magnification of dentate gyrus molecular layer (boxed in A), showing intense immunoreactivity in the supra-granule cell layer and paucity of staining in the ML. Two days postlesion (20) eN-CAM staining is strongly expressed in the denervated outer two-thirds of the ML. Six days post-ERC lesion (60) the expansion of the C/A axons has widened the unstained OML, with reciprocal narrowing of the eN-CAM staining in the OML. Thirty days post-ERC lesion (300) eN-CAM staining is still present in the outermost OML (beyond the region now occupied by axonal sprouting from the IML) despite the return to near normal numbers of synapses in this zone. Vertical bracket indicates the width of the IML. G, granule cell layer; H, hilus; LM, lacunosum moleculare; ML, ml, molecular layer; oml, outer molecular layer; id, inner molecular layer; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. Scale bars, 150 pm. the increased eN-CAM staining was still present but occupied only the outer half of the molecular layer (Fig. 4) . At 60 d postlesion, long after the lesion-induced synaptogenesis has returned synaptic density in the OML to near prelesion levels, staining for eN-CAM was still present in the OML (not shown). At the light microscopic level there was no appreciable increase in eN-CAM expression in the region undergoing translaminar expansion (the C/A fibers).
Image analysis Quantitative image analysis of total N-CAM immunohistochemistry revealed absorbance values consistent with the staining patterns observed by light microscopy (Fig. 2) . The IML and OML boundaries were identified by direct measurement of digitized images that coincided with the steepest portion of the slope of absorbance change. This served as the boundary between the intensely stained IML and the lighter stained OML. In normal animals and in animals 2 d postlesion the IML occupied approximately 40% of the ML, absorbance within the IML was higher than the OML, which was unchanged at all time points examined. By 15 d, the IML had expanded to occupy 50% of the ML; at 30 d postlesion, as a result of translaminar expansion, the IML now occupied 62% of the ML. These observations are consistent with the findings of others using Holmes fiber stains to measure translaminar sprouting following ERC lesion (Lynch et al., , 1977 Scheff et al., 1978) . We have also analyzed translaminar expansion using the Holmes stain and the changes parallel those produced by the image analysis technique.
Quantitative analysis of eN-CAM in the ML of normal animals revealed low absorptance values across the ML corresponding to the immunohistochemical staining patterns observed; absorptance was slightly elevated in the outermost region of the OML (Fig. 5) . By 2 d postlesion, eN-CAM staining of the ML resulted in the visual segregation of the ML into IML and OML regions. Direct measurement of the laminated ML revealed elevated absorptance within the denervated OML, which occupied 75% of the total ML, absorptance within the IML was unchanged from unlesioned animal values. Fifteen days following lesion there was a marked reduction in the extent of OML, absorptance now occupied only 58% of the ML, corresponding to translaminar expansion of the IML and the subsequent cessation of expression of eN-CAM; absolute absorptance values of the OML were unchanged. By 30 d the OML was further reduced, occupying only 45% of the ML, absolute absorptance values within the OML remained as high as when initially expressed. Analysis of animals at 45 and 60 d postlesion (data not shown) revealed equivalent patterns of absorptance corresponding to retention of elevated eN-CAM staining in the outer third of the ML despite the return of synaptic contacts to prelesion values.
Ultrastructural localization of embryonic N-CAM At the ultrastructural level eN-CAM expression was localized to dendritic and some axonal membranes (Fig. 6) . Examination of the OML in an unlesioned rat stained for eN-CAM revealed a paucity of immunoreactivity on any neuropil profiles (Fig.  6A) , consonant with the staining at the light microscopic level. Numerous intact synaptic contacts were observed in this region, in addition to (unstained) axons and dendritic profiles. Analysis of an equivalent region 10 d post-ERC lesion demonstrated intense immunoreactivity for eN-CAM on both dendritic and axonal profiles (Fig. 6B) . Reaction product was localized to the cell membrane in unlesioned animals. At these early time points postlesion, neuropil fine structure was generally disrupted in the OML. Synaptic contacts in the OML were greatly decreased while the remaining synapses were abnormal in appearance. In many cases mitochondria appeared swollen and both dendritic and axonal membrane profiles were disrupted. IML ultrastructure 10 d following ERC lesion was normal and not different from unlesioned animals.
There was no eN-CAM immunoreactivity on any IML neuropil structure (Fig. 6C) , while the OML exhibited significant reaction product on both axons and dendrites. (Fig. 6B) . There was no localization of immunoreaction product to myelinated axons, endothelial cell, or glial cells. Rarely, reactive microglia exhibited trace amounts of reactivity associated with intracellular phagosomes, presumably due to the endocytosis of eN-CAM expressing membrane.
N-CAM interactions at the interface of the IML and OML
We reasoned that N-CAM that can be stained by the polyclonal but not the eN-CAM antibody represents the adult form of N-CAM. The membrane localization of eN-CAM relative to the adult form of N-CAM was striking. As the IML expanded following ERC lesion, marked by widening of the adult N-CAM staining (and confirmed by identical expansion of the fiber layer by Holmes stains of adjacent sections) the portion of the OML expressing eN-CAM became more narrow. The intense staining of the total N-CAM in the IML did not overlap with the eN-CAM staining in the OML, demonstrated by double label immunofluorescence studies at several different time points postlesion. Thus, the dendrites ofthe ML appear to detect the nature of the afferent axon and react by expressing or inserting eN-CAM into the deafferented regions of the dendrite.
Discussion
The changes in cell adhesion molecule expression in the dentate gyrus ML closely parallel the changes in cellular architecture and the known sequence of reactive synaptogenesis. A striking lesion-induced change was the massive upregulation of eN-CAM in the denervated zone. Embryonic N-CAM was still clearly present on dendrites in the OML 60 d after the lesion, long after synaptic volume density and synaptic remodeling in the OML has been completed. Thus, unlike the transient upregulation of eN-CAM in deinnervated peripheral muscle, in which eN-CAM expression disappears following reinnervation, the lesion-induced upregulation of eN-CAM does not subside in the distal OML when reactive synaptogenesis is complete. However, eN-CAM does disappear from the region of the denervated zone that is innervated by the translaminar sprouting fibers of the IML, the C/A fibers.
Embryonic N-CAM showed a striking upregulation in the an ERC lesion, expression of eN-CAM persists well beyond the period of synaptogenesis (up to 60 d postlesion in these studies), and in contrast to the situation in normal development, there was no subsequent downregulation.
Rather than being a specific marker of synaptic contacts, ultrastructural studies revealed that the newly expressed eN-CAM is expressed on the dendrites and axons in the denervated zone even after synapses have formed again. Embryonic N-CAM is sparse in the IML neuropil even after ERC lesion, and in the proximal portion of the OML that is reinnervated by translaminar sprouting. The upregulation of eN-CAM may mediate interactions in which the PSA may promote sprouting and rearrangement of fibers. In the more proximal regions of the denervated zone, where translaminar sprouting occurs from the C/A afferents, synaptogenesis corresponds with downregulation of eN-CAM, suggesting that some signal has been transmitted to the dendrite to alter its cell surface in the reinnervated region. However, in the outer region of the OML, which is not reinnervated by the C/A afferents, synapses are restored to near preoperative volume density, and are electrophysiologically functional, without the loss of the eN-CAM. Thus, it appears that some signal to downregulate eN-CAM induced by the denervation is not transmitted by the successful reestablishment of synaptic density in this region.
Our findings suggest that the denervation somehow signals the postsynaptic membrane to increase expression of eN-CAM in a manner that respects anatomic boundaries (outer ML vs inner ML) within individual dendrites. This spatial restriction may be caused by local factors, which only signal eN-CAM upregulation along a limited expanse of dendritic membrane; since the preponderance of synaptic degeneration occurs in the outer ML, the inner ML dendritic membranes would not receive the local upregulation signal. The signal for upregulating eN-CAM might come from degenerating synapses. In the IML, a region not denervated by an ERC lesion, there is loss and reacquisition of approximately 22% of the synapses (Hoff et al., 198 1) . There is no apparent degenerative debris present during this synaptic remodeling (Hoff, et al., 1981) and the region shows no upregulation of eN-CAM during this period. Thus, degenerating debris may trigger eN-CAM expression, and the signal may not be high enough in the IML.
The presence of degeneration products following denervation may be sufficient to trigger upregulation of eN-CAM. However, reduction in local synaptic activity is likely to alter calcium channels and second messenger signals; these events may be responsible for the signaling of reexpression of eN-CAM. Beyond merely mediating mechanical interactions, cell adhesion molecules also transduce signals from the cell's environment. CAMS have been reported to interact with the cytoskeleton (Pollerberg et al., 1986; Nagafuchi and Takeichi, 1988; Jaffe et al., 1990; Shaw et al., 1990) and can activate second messenger systems (Schuch et al., 1989) . Subsequent reinnervation may, depending on the nature of the synapse formed and the second messenger system established, signal dendritic cytoplasmic and membrane changes that result in cessation of expression of eN-CAM.
Comparison with kainate-induced seizure model The KA-induced hippocampal lesion model is similar to the ERC lesion model in two important respects: they both severely denervate discrete dendritic fields of the dentate granule cells (66% of the IML vs 85% of the OML), and they both incite a vigorous sprouting response. Le Gal La Salle (Le Gal La Salle and Valin, 199 1; Le Gal La Salle et al., 1992) recently reported increased eN-CAM immunoreactivity in SR, stratum oriens, and the dentate hilus following kainate-induced status epilepticus. There was no increase in immunoreactivity observed in the dentate IML. This is most interesting in that preliminary studies in our laboratory have failed to evoke upregulation of eN-CAM in the IML following fimbria-fornix lesion, which also results in significant denervation, then axon sprouting, in the IML. Thus, the N-CAM responses to denervation are different in the IML and OML, despite the fact that synaptic contact area and volume densities are returned to normal by 45 d postlesion.
Le Gal La Salle et al. felt that the eN-CAM immunoreactivity was localized on astrocytes. Their staining patterns do not look like ours, and were in contrast to the present study, where material stained for both eN-CAM and GFAP showed no double-Expression Following Entorhinal Cortex Lesi on labeled astrocytes (results not shown), and ultrastructural studies clearly showed the presence. of eN-CAM on dendritic membranes. Since there is astrocytic hypertrophy in the outer ML following ERC lesion , the response to seizures must be fundamentally different from that of lesion-induced synaptogenesis.
Parallels with regeneration in the PNS The pattern of N-CAM expression seen following an ERC lesion shows interesting parallels to the pattern of expression of N-CAM seen in nerve and muscle after a peripheral nerve injury. The sequence is analogous to the pattern of hippocampal eN-CAM expression seen after an ERC lesion. During rodent hippocampal development, eN-CAM is expressed throughout the ML (Seki and Arai, 1991) , and by adulthood, is downregulated. Following ERC lesion, eN-CAM is reexpressed in the denervated zone. In contrast to peripheral regeneration, where eN-CAM is downregulated following successful reinnervation, eN-CAM expression in the OML persists well beyond the time reactive synaptogenesis is completed. This disparity may reflect the fact that reinnervation in this region of CNS was functionally suboptimal.
N-CAM expression reflects translaminar C/A expansion Staining with either polyclonal rabbit antibodies against mouse N-CAM or 12Fll monoclonal antibodies were quite similar in the dentate ML, so they will be considered together. Both stained the IML more intensely than the OML. The most prominent difference between the IML and the OML is, of course, the source of afferents. It is not clear that this differential staining is due to differences in the afferents or if the differences lie in local structure of the dendrites. It is notable that in the rat, synaptophysin also stains normal IML more intensely than OML (Masliah et al., 1991) . There is no clear evidence of greater synaptic number in the IML than OML. Following an ERC lesion, the more intense IML staining expanded into the denervated zone. This expansion followed the time course established for reactive synaptogenesis, and compared with identically stained Holmes fiber staining, conformed perfectly to the axons growing into the denervated zone from the IML. The close correspondence of translaminar expansion and widened zone of N-CAM antibody staining strongly suggests that these antibodies are recognizing the region of dendrites that receive C/A input. Since 12Fll does not detect the 120 kDa form of N-CAM (Chung et al., 199 l) , which is primarily glial, the similarity of polyclonal and 12Fll staining suggests that the 120 kDa form is not prominent in this tissue. The more densely staining 12Fll stain of the IML can be used to track translaminar expansion instead of the Holmes stain. This finding thus eliminates the need to do a contralateral ERC lesion on every animal 2 d prior to death, which has been the standard way that differences in the IML thickness were quantified in most hippocampal sprouting studies [2 d is too short for contralateral translaminar sprouting to begin and Holmes stain of the newly denervated contralateral IML represents the normal IML width (Scheff, 1989) ].
OML staining with polyclonal anti-N-CAM and 12Fll was lighter than that of the IML. However, there were not marked differences in staining of the OML with these antibodies after lesion. Thus, it appears that the change in eN-CAM does not represent a prominent change in overall N-CAM levels. Expression of eN-CAM would represent one mechanism by which segregation of afferents could utilize the homophilic binding properties of N-CAM to assure appropriate contacts, and perhaps the highly charged polysialic regions of the eN-CAM serve as an aversion signal to sprouting afferents.
Our findings are consistent with alterations in synaptophysin and GAP-43 reactivity reported following ERC lesion. Synaptophysin immunoreactivity is diminished in the OML following ERC lesion, returning to 80% of prelesion levels 30 d later (Masliah et al., 1991) . The time course observed with total N-CAM staining we report in the present study is similar to the time course of synaptophysin reexpression and labeled expansion of the IML, via translaminar sprouting. GAP-43 staining is also diminished in the OML following ERC lesion, returning to prelesion levels 30 d later (Benowitz et al., 1990) . This pattern of GAP-43 loss and subsequent reexpression parallels the time course of reactive synaptogenesis. However, the continued expression of eN-CAM in the OML 30 d following lesion indicated that the reactive synaptogenesis that occurred in this region did not provide the appropriate signal to initiate the recovery of the normal adult N-CAM forms in the reinnervated dendrites.
There is a growing appreciation that cell adhesion molecules have an important role beyond the development of the nervous system. They probably play an important part in establishing, stabilizing, and modifying mature synapses. Putative adhesion molecules have been suggested to be involved in long-term potentiation and have recently been shown to change during learning in Aplysia (Bailey et al., 1992; Mayford et al., 1992) . Increased amounts of polysialylated N-CAM have been reported in the hippocampus during the acquisition and consolidation phases of a passive avoidance response in the adult rat, though studies to localize subcellular distribution have not been carried out (Doyle et al., 1992) . In the sprouting hippocampus, different forms of N-CAM may well subserve several functions ranging from facilitation of growth of sprouting axons to stabilization of forming synapses. Their transient expression on only part of the cell surface demonstrated in the present study (PSA expressed only in the OML following denervation) indicates that N-CAMS possess remarkable ability to control activities on selective portions of the dendritic expanse.
